Montclair State University

Montclair State University Digital
Commons
Department of Biology Faculty Scholarship and
Creative Works

Department of Biology

5-1-2015

Clonal Diversity and Connectedness of Turtle Grass (Thalassia
Testudinum) Populations in a UNESCO Biosphere Reserve
James Campanella
Montclair State University, campanellj@mail.montclair.edu

Paul Bologna
Montclair State University, bolognap@montclair.edu

Maria Carvalho
Montclair State University

John V. Smalley
Bergen Community College

Mohamedhakim Elakhrass
Montclair State University

See next page for additional authors
Follow this and additional works at: https://digitalcommons.montclair.edu/biology-facpubs
Part of the Biology Commons

MSU Digital Commons Citation
Campanella, James; Bologna, Paul; Carvalho, Maria; Smalley, John V.; Elakhrass, Mohamedhakim;
Meredith, Robert; and Zaben, Nadia, "Clonal Diversity and Connectedness of Turtle Grass (Thalassia
Testudinum) Populations in a UNESCO Biosphere Reserve" (2015). Department of Biology Faculty
Scholarship and Creative Works. 180.
https://digitalcommons.montclair.edu/biology-facpubs/180

This Article is brought to you for free and open access by the Department of Biology at Montclair State University
Digital Commons. It has been accepted for inclusion in Department of Biology Faculty Scholarship and Creative
Works by an authorized administrator of Montclair State University Digital Commons. For more information, please
contact digitalcommons@montclair.edu.

Authors
James Campanella, Paul Bologna, Maria Carvalho, John V. Smalley, Mohamedhakim Elakhrass, Robert
Meredith, and Nadia Zaben

This article is available at Montclair State University Digital Commons: https://digitalcommons.montclair.edu/biologyfacpubs/180

Aquatic Botany 123 (2015) 76–82

Contents lists available at ScienceDirect

Aquatic Botany
journal homepage: www.elsevier.com/locate/aquabot

Clonal diversity and connectedness of turtle grass (Thalassia
testudinum) populations in a UNESCO Biosphere Reserve
James J. Campanella a,∗ , Paul A.X. Bologna a , Maria Carvalho a , John V. Smalley a,b ,
Mohamedhakim Elakhrass a , Robert W. Meredith a , Nadia Zaben a
a
b

Department of Biology and Molecular Biology, Montclair State University, Montclair, NJ 07043, USA
Bergen Community College, Department of Biology and Horticulture, Paramus, NJ 07652, USA

a r t i c l e

i n f o

Article history:
Received 28 August 2014
Received in revised form 19 January 2015
Accepted 29 January 2015
Available online 7 February 2015
Keywords:
Caribbean
St. John
Tampa Bay
Florida
Turtle grass ecology
Genetic diversity
Microsatellites
UNESCO Biosphere Reserve
Thalassia testudinum

a b s t r a c t
We assessed Thalassia testudinum population genetics among four bays in St. John (United States Virgin Islands), a protected UNESCO Biosphere Reserve. Our results suggest that the St. John T. testudinum
populations have (1) high sexual reproduction rates, (2) high levels of genetic diversity and low levels of
inbreeding relative to other seagrass populations in less protected geographic areas, and (3) high connectivity when separated by up to 12 km. Pairwise FST values among the island populations ranged from 0.035
to 0.148. Additionally, we found that the T. testudinum outgroup population from an anthropogenically
stressed bay in Florida is surprisingly diverse and shows few signs of inbreeding.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
The United Nations Educational, Scientiﬁc, and Cultural Organization (UNESCO) Biosphere Reserves were initially founded in
1977 as part of the Man and Biosphere (MAB) Program. In 1995,
the second World Congress of Biosphere Reserves held in Seville,
Spain formally deﬁned and designated a set of characteristics for
recognizing potential biosphere reserves, as well as governing said
reserves. The purpose of these reserves is to create internationally
designated protected areas which illustrate a balanced relationship between man and the natural world. UNESCO further states
that these sites are maintained to help ensure environmental, economic, and social sustainability. At present, there are 621 biosphere
reserves in 117 countries (www.UNESCO.org).
We have previously examined the resilience, restoration, and
genetic diversity of seagrass populations on the east coast of
the United States (Campanella et al., 2010a,b, 2013). We found
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disturbing evidence that populations of Zostera marina (eelgrass)
were generally inbred with low levels of genetic diversity along the
western shoreline of the Atlantic (Campanella et al., 2010a,b). Seagrasses provide a variety of community beneﬁts through primary
production and structural habitat, as well as critical ecosystem services such as carbon sequestration, sediment stability, and nutrient
cycling. Seagrasses are also sensitive indicators of water quality
and can be used as a metric of marine ecosystem health. Reductions in the spatial cover and vigor of seagrasses are largely a signal
of a concomitant decline in water quality. The dwindling of seagrass populations has become a common occurrence in numerous
temperate and tropical regions of the world (Duarte, 2002; Orth
et al., 2006; Waycott et al., 2009; Short et al., 2011; Ort et al., 2012),
leading to loss of ecosystem functions and essential ﬁsh habitat.
Given the threatened conditions that we and others have found
in seagrass populations in North America, we were motivated to
examine the genetic status of the dominant seagrass species in
a UNESCO Biosphere Reserve (Bologna and Suleski, 2013). Most
reserves and marine protected areas are developed with species
diversity and conservation as the determining factor, but less
emphasis, if any, is given to the genetic diversity of the organisms in
the system at initiation. If species play a critical role in the structure
and function of the community, but possess low genetic diversity,
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then cascading impacts may be felt with the loss of that species
due to lack of pathogen resiliency as well as inbreeding, genetic
drift, and loss of heterozygosity in populations. Seagrasses present
a unique challenge when addressing genetic structure because they
show both strong sexual and asexual reproductive strategies, with
some clones being identiﬁed as thousands of years old (ArnaudHaond et al., 2012).
We chose to study the Thalassia testudinum (turtle grass) populations on the island of St. John in the archipelago of the U.S. Virgin
Islands. Our previous work has indicated that T. testudinum is the
spatially dominant species in this region, demonstrating high levels
of standing biomass and secondary production and representing an
essential ﬁsh habitat (Bologna and Suleski, 2013). The status of this
region as a UNESCO Biosphere Reserve provided us the opportunity to assess the genetic diversity of populations in a region with
minimal anthropogenic stress.
One driving question ever present in understanding seagrass
genetics is the relative contribution of sexual and asexual reproduction. In some instances, T. testudinum has shown high levels of
clonality (Van Dijk and Van Tussenbroek, 2010), but others have
demonstrated that high levels of genetic diversity may be present,
partially aligned with high levels of sexual reproduction and seed
dispersal mechanisms (Van Dijk et al., 2009; Bricker et al., 2011;
Kendrick et al., 2012). Given that differing regions have shown dissimilar results, it is important to expand our regional assessment
of this species to understand how T. testudinum may respond to climate change and whether genetic diversity will lead to population
resiliency, especially under the global seagrass decline paradigm
(Orth et al., 2006; Waycott et al., 2009).
Our present study examines the genetic diversity of T. testudinum in four bays of St. John and compares their diversity with
an outgroup population from Tampa Bay Florida. Speciﬁcally, we
address the clonality, heterozygosity, and connectedness among
populations and determine whether any of the seagrass meadows
studied showed negative population identiﬁers such as bottlenecks, inbreeding, or genetic drift.
2. Materials and methods
2.1. Plants and collection
Individual T. testudinum plants were collected at four sites
on the island of St. John in the U.S. Virgin Islands: Hurricane
Hole (18◦ 21 11 N, 64◦ 42 13 W), Great Lameshur (18◦ 19 07 N,
64◦ 43 23 W), Little Lameshur (18◦ 19 11 N, 64◦ 43 40 W), and Reef
Bay (18◦ 19 22 N, 64◦ 44 47 W) (Fig. 1). To ensure that we were
not gathering clonal samples, individuals were collected approximately 5 m apart within the beds employing a random walk,
as we have done in previous seagrass population studies (Campanella et al., 2010a,b, 2013). When clonal replicates were detected
after fragment analysis, they were removed from the dataset prior
to genetic analysis. Tissue samples were transported on ice to
Montclair State University from all locations. Samples were then
separated, numerically labeled, and stored at −80 ◦ C until DNA
extraction. Individual outgroup plants from Tampa Bay Florida
(27◦ 52 12 N, 82◦ 35 25 W) were collected by Manuel Merello
(Florida Fish and Wildlife Conservation) employing the same methods as our own.
2.2. DNA extraction and microsatellite ampliﬁcation
Total DNA was extracted from 0.3–0.5 g of T. testudinum leaf
tissue, using the DNeasy DNA extraction kit according to the manufacturer’s directions (Qiagen Corporation, Valencia, California).
DNA was extracted from 20 to 30 individuals within each
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population. DNA concentration was determined by UV absorbance
on a Nanodrop ND-1000 UV Spectrophotometer (Nanodrop Technologies, Wilmington, Delaware), and samples were stored at
−80 ◦ C until Polymerase Chain Reaction (PCR) ampliﬁcation was
performed.
The polymerase chain reaction was used to amplify seven
microsatellite loci from the extracted T. testudinum DNA. Primers
for these seven ampliﬁed loci were developed by Van Dijk
et al. (2007): TTMS-GA12, TTMS-GA8, TTMS-GA72, TTMS-GT77,
TTMS-GT104, TTMS-CA180, Th1MS. Primers were ﬂuorescently
labeled with either FAM or HEX dyes (Invitrogen Corp., Carlsbad,
California).
Reactions were carried out using 10 ng DNA in RNase/DNasefree 0.2 L tubes with 15–30 nmol labeled primers. Reaction mixes
were all kept at 4 ◦ C until 10 L of Choice Taq Mastermix DNA Polymerase (Denville Scientiﬁc, Inc., Denville, New Jersey) was added.
Ampliﬁcation was performed in a Mastercycler gradient thermocycler (Eppendorf, Inc., Hamburg, Germany). The PCR program
employed consisted of a 1 min denaturing step at 95 ◦ C, followed
by 40 cycles of the following times and temperatures: 45 s at 95 ◦ C,
45 s of annealing (TTMS-GA12, 65.7 ◦ C; TTMS-GA8, 50 ◦ C; TTMSGA72, 61.7 ◦ C; TTMS-GT77, 67.1 ◦ C; TTMS-GT104, 65 ◦ C; Th1MS
64.4 ◦ C) and 60 s at 72 ◦ C. The TTMS-CA180 locus was difﬁcult to
amplify consistently using the protocol of Van Dijk et al. (2007),
but we developed a more complex annealing program that performed dependably: 10 cycles (95 ◦ C, 50 ◦ C, 72 ◦ C), followed by 10
cycles (95 ◦ C, 55 ◦ C, 72 ◦ C), and ﬁnishing with 20 cycles (95 ◦ C, 61 ◦ C,
72 ◦ C). All ampliﬁed PCR products were then stored at −20 ◦ C until
later analysis.
2.3. Microsatellite allele size analysis
Allele sizes of microsatellite PCR products were determined
using an ABI 3130 Genetic Analyzer (Applied Biosystems Corp., Foster City, California). The PCR products were diluted 1:10 with sterile
water. 0.5 L of the diluted product was added to an aliquot of 30 L
of formamide and 0.5 L of the molecular weight standard ROX 500
(Applied Biosystems Corp.). Samples were analyzed for allele sizes
on the sequencer for 30 min each using POP4 polymer (Applied
Biosystems Corp.) and the D Filter setting. GeneMarker v1.51 software (SoftGenetics Corp., State College, Pennsylvania) was used to
evaluate the microsatellite allele sizes from raw data and score loci
for homo/heterozygosity.
2.4. Statistical analysis of data
Genotypic richness (R) was determined employing the method
of Dorken and Eckert (2001) and calculated by dividing the number
of genets detected-1 by the number of ramets sampled-1, based on
all seven loci with the spatial scale between each ramet sampled
being approximately 5 m. Redundant multilocus genotypes were
removed from all further data analyses.
Observed (Ho ) and expected heterozygosities (He ) were calculated with GENALEX 6 under the codominant marker settings
(Peakall and Smouse, 2006). The coefﬁcients of inbreeding (FIS )
along with P values were determined using GenePop 4.3 (Rouusset,
2008), employing the Hardy Weinberg exact test at the default
setting.
Microsat 2.0 (Minch, 1995, Stanford University) was utilized to
generate genetic distance matrices, based on the allele frequencies
and employing 1000 bootstraps. The 1000 distance matrices generated were then analyzed by the Phylip v.3.6 subroutine Neighbor
(Felsenstein, 1989) for neighbor joining. The 1000 neighbor-joined
trees were then collapsed down into a single consensus tree with
the Phylip v.3.6 subroutine Consense employing the majority rule
(extended).
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Fig. 1. The geographic collection sites for the turtlegrass populations examined.

A principal coordinate analysis (PCoA), using Nei’s genetic
distance (Nei, 1972), was performed in GENALEX 6. Program
parameters were set to employ a triangular distance matrix. Allelic
dropout rates for all loci were determined using Microdrop (Wang
et al., 2012) employing the default settings for analysis.
The program BOTTLENECK was used to estimate the likelihood
of population bottlenecks (Piry et al., 1999), using the Two Phase
Mutation Model (TPM). The one-tailed Wilcoxon test (Cornuet and
Luikart, 1996) was employed since we were looking for heterozygosity excess only.
Effective population sizes (Ne ) were calculated based on linkage
disequilibrium by NeEstimator v. 2.0 (Do et al., 2014).

3. Results
3.1. Allele frequency data and diversity
90 ramets were sampled from the Island of St. John, along
with 27 ramets from the Florida turtlegrass outgroup, and analyzed with seven microsatellite loci, revealing a total of 108 genets
(Table 1). Among the populations studied, the Tampa Bay population appeared to have the highest genotypic richness (R = 1.000)
and Little Lameshur the lowest (R = 0.850) (Table 1). Putative clones
were removed from all populations for the process of genetic
analysis.

The number of alleles per locus ranged from 2 to 14 (Table 2).
Across all populations, the GA72 locus had the largest mean number
of alleles (Na = 9.0), while the GA8 and CA180 loci had the fewest
(Na = 3.6). Across all loci, the Tampa Bay population seemed to have
the largest mean number of alleles (Na = 9.16) and Hurricane Hole
the fewest mean number of alleles (Na = 4.66).
Across all the St. John populations, the overall mean expected
frequency of heterozygotes (He ) (0.548–0.632) for all loci was
consistently lower than the overall mean observed frequency of
heterozygotes (Ho ) (0.726–0.823) (Table 2). The results generally
point to an excess of heterozygotes for all the populations. The
Tampa Bay outgroup demonstrated the highest mean Ho (0.815),
while Hurricane Hole had the lowest mean Ho (0.726). Although
most loci demonstrated an excess of heterozygotes, the one exception was the GT104 locus, which manifested no heterozygote alleles
for any of the St. John populations (Ho = 0.000), and few heterozygotes (Ho = 0.148) for the Florida outgroup.
“Allele dropout”, preventing one of the two chromosomal alleles
from being detected, may explain the discrepancy between the Ho
and He values in the GT104 locus among the populations studied
(Table 2). Loci GA12, GA72, CA180, and Th1Ms all had calculated
dropout rates of 0.000000. The GA72 locus showed slight signs of
dropout with a rate of 0.000573 — ∼5 dropouts for every 10,000
alleles. GA8 seems more prone to dropouts with ∼13 dropouts for
every 100 alleles (0.134778). However, we were able to conﬁrm
that GT104 appears to manifest critical levels of allelic dropout with
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Table 1
Genotypic Richness (R) and bottlenecks in the T. testudinum populations studied.
Population

Number ramets

Number genets

Genotypic richness

Bottleneck (TPM)

Great Lameshur
Hurricane Hole
Reef Bay
Little Lameshur
Tampa Bay, Florida

23
23
23
21
27

21
22
20
18
27

0.909
0.954
0.863
0.85
1

0.343
0.587
0.421
0.281
0.421

The probability of population bottlenecks was determined using the one-tailed Wilcoxon test and the Two Phase Mutation Model (values below the ˛-value of 0.05 support
the occurrence of recent bottlenecks). Multiply sampled ramets have been excluded from these calculations. GT104 was not included in the bottleneck calculations.

a value of 0.400002. This dropout phenomenon seems to be present
in all populations studied, including the Florida outgroup. For this
reason, GT104 was not included in our statistical analyses.
We also calculated the coefﬁcient of local inbreeding (FIS ) (Nei,
1977) for all populations along with P-values to indicate departures
from Hardy–Weinberg–Equilibrium (HWE) (Table 2). The mean FIS
was found to be negative in all St. John populations (−0.293 to
−0.368), suggesting that outbreeding is occurring. The Tampa Bay
outgroup had a mean FIS of −0.171, suggesting a closer adherence
to HWE expectations.
Differentiation between the populations was examined with
pairwise FST values (Table 3). We found that Florida was the most
differentiated population (0.171–0.225), as would be expected of
a geographical outgroup. The island populations showed little differentiation. The one surprising ﬁnding is that the Great and Little
Lameshur Bay populations (Fig. 2) are more differentiated from
each other than from those populations that are geographically
further apart.

3.2. Genetic distance, principle coordinate analysis, and
bottlenecks
We performed genetic distance analyses on all ﬁve populations
and generated rooted, neighbor-joining phylograms (Fig. 2). The
phylograms were constructed using the modiﬁed Delta Mu* (Ddm*)
statistic for small populations (Fig. 2A) (Minch, personal communication) and Edward’s chord distance (Dc) (Fig. 2B) (Cavalli-Sforza
and Edwards, 1967). Note that GT104 was not included in either
analysis. Both cladograms were rooted using Florida as the geographic outgroup and bootstrapped 1000 times. These distance
calculations were chosen because the delta mu and chord distances
generally show higher probabilities of obtaining correct tree topology than other distance measurements (Takezaki and Nei, 1996).
We found the topology of the phylograms (Fig. 2) to be very similar with high bootstrap values in the 600–700 range. This result
appears to be independent of the distances we employed for analysis. The Delta Mu* distance assumes the stepwise mutation (SMM)
hypothesis of evolution in microsatellites (Kimura and Ohta, 1978),

Table 2
Genetic diversity in all of the populations of turtle grass studied.
GT77

GT104

CA180

Th1Ms

Meana

2
7
0.476
0.619
0.363
0.560
−0.313(0.2919) −0.105(0.8970)
21
21

7
0.857
0.753
−0.139(0.0000)
21

5
0.000
0.612
1.000(N/C)
21

3
1.000
0.524
−0.909(0.0000)
20

12
1.000
0.894
−0.119(0.1996)
20

6.00
0.817
0.613
−0.368(0.2310)
20.5

3
0.947
0.543
−0.745(0.0003)
19

2
6
0.050
0.727
0.049
0.674
−0.026(0.0000) −0.080(0.4667)
20
22

6
0.818
0.670
−0.220(0.6496)
22

3
0.000
0.244
1.000(N/C)
22

3
0.952
0.584
−0.631(0.0003)
21

8
0.864
0.77
−0.122(0.0000)
22

4.66
0.726
0.548
−0.304(0.1866)
21.00

Reef Bay
Na
Ho
He
FIS (P)
N

4
0.889
0.647
−0.375(0.0004)
18

3
7
0.579
0.950
0.514
0.714
−0.127(0.0171) −0.331(0.0785)
19
20

4
0.550
0.441
−0.246(0.8214)
20

4
0.000
0.510
1.000(N/C)
20

4
0.947
0.615
−0.541(0.0014)
19

10
1.000
0.803
−0.246(0.0000)
20

5.33
0.819
0.622
−0.311(0.1531)
19.33

Little Lameshur
Na
Ho
He
FIS (P)
N

4
0.933
0.633
−0.474(0.0212)
15

8
11
0.235
0.944
0.446
0.841
0.473(0.0019) −0.123(0.0054)
17
18

5
1.000
0.764
−0.309(0.6101)
18

3
0.000
0.438
1.000(N/C)
18

2
0.882
0.493
−0.789(0.0026)
17

4
0.944
0.616
−0.534(0.0000)
18

5.66
0.823
0.632
−0.293(0.1068)
17.16

Tampa Bay Florida
Na
Ho
He
FIS (P)
N

12
1.000
0.861
−0.161(0.0000)
23

3
14
1.000
0.652
0.518
0.878
−0.929(0.0000) 0.257(0.0000)
26
23

11
0.560
0.859
0.348(0.0000)
25

7
0.148
0.809
0.817(N/C)
27

6
0.680
0.625
−0.088(0.0411)
25

9
1.000
0.689
−0.452(0.0000)
27

9.16
0.815
0.738
−0.171(0.0068)
24.80

Populations

GA12

GA8

Great Lameshur
Na
Ho
He
FIS (P)
N

5
0.950
0.586
−0.620(0.0000)
20

Hurricane Hole
Na
Ho
He
FIS (P)
N

GA72

Multiply sampled ramets have been excluded from these calculations. Na, number of alleles; Ho , observed heterozygotes; He , expected heterozygotes; FIS , coefﬁcient of local
inbreeding; N, numbers of genets employed. N/C = not calculated.
a
Mean does not include GT104.

80

J.J. Campanella et al. / Aquatic Botany 123 (2015) 76–82

Fig. 2. Rooted, neighbor-joining cladograms, illustrating the relationship among the four Thalassia testudinum populations from the U.S. Virgin Islands. (A) Modiﬁed Delta
Mu* genetic distance (B) Edward’s Chord genetic distance. The outgroup employed was the T. testudinum ecotype from Tampa Bay Florida. 1000 bootstraps were performed.
GT104 was not included in these calculations.

4. Discussion
4.1. The St. John populations

Fig. 3. Ordination of 108 turtlegrass samples on Principal Coordinate Analysis axes
1 and 2. Analysis was performed using GENALEX 6 while employing genetic distance data generated from microsatellite genotypes. Program parameters were set
at default to employ a triangular distance matrix. GT104 was not included in these
calculations. Nei’s genetic distance (Nei, 1972) was employed for these calculations.

and the model appears to be supported by the genetic distance analysis of the St. John seagrasses. At the same time the chord distance
tree, which assumes no models, demonstrates equally high bootstrapping values (Fig. 2B). The use of the Tampa Bay turtlegrass
outgroup is justiﬁed by both trees (Fig. 2), since the difference in
branch lengths among the outgroup and island populations does
support genetic distance. Interestingly, Hurricane Hole appears as
a more distant population using the SMM model of the Delta Mu*
distance, while Little Lameshur appears more distant using Chord
distance.
Principle Coordinate Analysis (PCoA) allows a multicoordinate
comparison of all individuals in all geographic sites to allow a better understanding of how individuals are genetically linked to one
another (Fig. 3). We found further supporting evidence that the
Florida grass population is genetically distant from the St. John
populations and functions as a discrete outgroup; the Tampa Bay
plants remain in the distant portion of the right-hand quadrants
(Fig. 3). All four St. John populations largely continue to be genetically close, demonstrated by clustering in the left-hand quadrants,
again supporting high connectivity.
We found little evidence of bottlenecks in any of the populations (Table 1). Results employing the TPM Model and one-tailed
Wilcoxon test suggested that the populations, even the outgroup
in Florida, have not seen recent ﬂuctuations or devastation leading
to genetic constraint.

The turtle grass populations studied on St. John had high genetic
diversity and did not suffer from inbreeding. Using polymorphic
nuclear microsatellite markers, we found that all the island populations had genotypic richness indices between 0.850 and 0.954
(Table 1), suggesting that clonality within the grass populations
examined is generally minimal, and few of the ramets examined
are clonal. The low clonality also suggests that the populations
are genetically robust and not monocultures created through
asexual spread. Our results concur with Bricker et al. (2011) as
our genotypic richness was high, while these island populations
demonstrated low inbreeding and a high degree of sexual reproduction and/or recruitment with an excess of heterozygotes (Table 2).
The high Ho and He frequencies we observed suggest diverse,
vigorous seagrass populations; possibly due in part to propagule
transport bringing in new alleles and gene ﬂow, as suggested by
Kendrick et al. (2012).
Surprisingly, the Great and Little Lameshur Bay beds are not as
closely related to each other as they are to populations that are
geographically more distant (Fig. 2; Table 3). This observation is
not unusual in seagrass beds where tidal movements are strong
and unpredictable. Tidal currents and winds (Ort et al., 2012) may
act to aid connectivity between populations, but just as often these
unpredictable forces may play havoc on a population’s ability to
reproduce with another nearby population.
While daily ﬂuctuations in tide and winds may impact the
distribution of seeds and seedlings within a region, it may be
larger stochastic events (e.g., hurricanes) which can transport seeds
between locations. These events could clearly transport individuals among regions, although the likelihood that any seedling will
become established within an existing bed is generally low. Kaldy
and Dunton (1999) showed that T. testudinum fruit can remain
buoyant up to10 days, but seeds are generally buoyant for 1–3
days with dispersal ranges of 1–15 km. Consequently, it is certainly
possible that there is seed dispersal among our sites. The close

Table 3
Thalassia pairwise population FST values (via allelic frequency).a

Great Lameshur
Hurricane Hole
Reef Bay
Little Lameshur
Tampa Bay, FL
a

Great Lameshur

Hurricane Hole

Reef Bay

Little Lameshur

Tampa Bay, FL

0.000
0.057
0.035
0.113
0.209

0.000
0.07
0.148
0.225

0.000
0.086
0.185

0.000
0.171

0.000

The GT104 allele was not included in this analysis.
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proximity to the coastal open ocean for all sites, except Hurricane
Hole, suggests that export of propagules into nearby bays may be
limited, as they may be advected offshore once leaving the more
exposed bays.
Perhaps, the regular storm events maintain a mosaic of unvegetated regions which allows distantly produced seedling, when
available, to colonize and increase the diversity of individuals
among the bays of St. John (Whitﬁeld et al., 2004). This is a likely
mechanism leading to high levels of heterozygosity and allelic
richness. As Kendrick et al. (2012) pointed out, the potential of
propagule dispersal leading to population connections for seagrasses may be extremely important for the continued success of
these species by increasing genetic diversity, leading to greater
resiliency.
The connectivity between Great Lameshur and Reef Bay
(Table 3) is demonstrated in the principle coordinate analysis
(pairwise FST −0.035) (Fig. 3). Note how individuals from Great
Lameshur and Reef Bay cluster closely. A couple of individuals
from Hurricane Hole also mix with the Great Lameshur group, but
most of the Hurricane Hole plants are mainly in the upper part of
the quadrant by themselves. The Hurricane Hole plants show the
least connectivity (pairwise FST −0.148) to the Little Lameshur bed
(Fig. 3) (yellow circles) in the lower left-hand quadrant. Since this
region is strongly protected on all sides by physical barriers, the
likelihood of storm events opening space in the beds is relatively
limited. Given the low level of seedling success in established beds
(Kaldy and Dunton, 1999), the natural protective nature of this site
may in fact reduce genetic connectivity, as seedlings may not have
open regions in which to become established.

4.2. The Florida outgroup population
Over the last century in Florida, Tampa Bay has lost approximately 80% of its historic seagrass cover (Zieman and Zieman,
1989). Several causes have been linked to this loss, including
sewage discharges and dredging for port and residential waterfront
development. Because this seagrass population has been devastated, we were startled to ﬁnd that the population examined has
retained genetic diversity and shows strong signs of outbreeding. Additionally, we observed little evidence of bottlenecks in the
Florida plants.
One source of this unexpected diversity may be the successful seagrass restoration programs that have taken place over the
last decade in the region. Tampa Bay gained 1745 acres of seagrass
between 2010 and 2012 (Kaufman and Heyl, 2009; Kaufman, 2013).
That increase was the fourth consecutive survey showing plant life
increases since 2006. Restored plants were sourced from the ﬂourishing areas of Tampa Bay and transplanted to more deteriorated
locations (Kaufman, personal communication).
The southern area of Old Tampa Bay where our samples were
collected is lush and thriving with turtlegrass, so it is possible that
samples were collected from a geographic location that has been
remediated. If that is the case, we might not observe the historical
bottlenecking, nor would we necessarily see loss of diversity and
inbreeding as we expected.
It is equally likely that the results we observed could be
explained by the hypothesis that well-established, high-density
beds provide little opportunity for seedlings, thereby reinforcing
asexual reproduction. If areas have seen die-offs and losses, but
restoration and propagule dispersal into unvegetated regions have
begun, these Florida sites would have the potential to show high
levels of genetic diversity. Given the recent expansion in spatial
coverage in Tampa Bay (Kaufman and Heyl, 2009; Kaufman, 2013),
we can deduce that regional restoration and natural recruitment of
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propagules would lead to high levels of genetic diversity, and our
results support this argument
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